SUMMARY

The effect of surface electrode positioning on the evoked compound action potential (ECAP) was studied during inhalation anaesthesia without neuromuscular blockade. The ECAP of five fullterm infants (aged 2-20 weeks) and five children (age 1-10 yr) was recorded with a neuromuscular relaxation monitor (Relaxograph, Datex) after supramaximal ulnar nerve stimulation. The five recording electrode positions compared were: thenar (adductor pollicis) v. second finger (TD2); thenar v. second dorsal metacarpal interspace (TM2); hypothenar v. fifth finger (HD5); hypothenar v. fourth dorsal metacarpal interspace (HM4); thenar v. hypothenar (TH). The ECAP was steady at positions TD2 and HD5, but marked variation and baseline drift was found at TM2, HM4 and TH. The ECAP peak-to-peak amplitudes were twice as great in children compared with infants. The hypothenar ECAP was liable to stimulus artefact interference because of the short onset latency at HD5 (2.2(SD 0.4)ms), whereas the adductor pollicis (3.0 (SD 0.5)ms) position (TD2) yielded reliable results.
duction was with isoflurane (« = 3) or halothane (w = 2). Three were premedicated with oral benzodiazepines (patients H, J, K) (table I) . Three patients (A, J, K) did not accept inhalation induction and sleep was induced with an appropriate dose of barbiturate.
Atropine 0.01 mg kg" 1 was given i.v. before tracheal intubation, which was facilitated by suxamethonium 1 mg kg" 1 i.v. in six patients (A, C, D, H, J, K). After induction of anaesthesia, a Ventilation was controlled and adjusted to achieve normocapnia. End-tidal carbon dioxide, ECG, arterial pressure and body temperature were monitored in all patients.
The arm was supported in a splint and the skin cleaned with alcohol before the disposable surface electrodes (Datex 57267 pre-gelled, diameter 12.5 mm) were attached for stimulation and recording purposes. The ulnar nerve was stimulated with a train-of-four (TOF) supramaximal square wave impulses of 0.1 ms duration at 2 Hz, the minimum delay between two adjacent TOF being 20 s. The supramaximal ECAP was determined with the automatic calibration provided by the neuromuscular relaxation monitor (Relaxograph, Datex). The maximum current of the device is limited to 70 mA. During automatic calibration the current is gradually increased until supramaximal ECAP is reached. The delivered current is then increased by 10% and constitutes the supramaximal stimulus used in the recordings.
The amplified, unfiltered ECAP response of the first stimulus of the TOF was transferred from the analogue output of the monitor to a digital storage oscilloscope (Gould OS4100) and recorded. In all recordings the ground electrode was positioned between the stimulating and recording electrodes, or as near as possible in order to reduce the stimulus artefact.
In the first part of the study, stimulating electrodes were positioned on the ulnar nerve near the wrist and five pairs of recording electrodes were compared by changing the recording pair of electrodes after every fifth TOF. In the second part of the study, four different positions of stimulation electrodes were compared, and ECAP was recorded from the electrodes on the hypothenar muscle and on the fifth finger ( fig. 1 ).
The baseline for measurements of ECAP was denned as that recorded immediately before the stimulus artefact ( fig. 2 ). The onset latency (DL) (duration from the start of the stimulus artefact to the negative deflection of the ECAP from the baseline) was determined. The duration (DZ) to the point,where the ECAP negative wave returned to the baseline was measured also from the start of the stimulus artefact. The peak-to-peak amplitude and the amplitude of the ECAP negative wave were measured. Unpaired Student's t test was used for statistical evaluation between age groups. P < 0.05 was regarded as statistically significant.
RESULTS
In the first part of the study, good quality biphasic ECAP were recorded when the active electrode was located on the adductor pollicis (TD2) or hypothenar (HD5) muscle motor point, the indifferent electrode being on either the second or fifth finger. When the indifferent recording electrode location was changed dorsally, to the second (TM2) or fourth (HM4) metacarpal interspace, summation ECAP of overlapping responses from different muscles was recorded, with marked interindividual variation and baseline drift. A similar variation was noted also in thenarhypothenar (TH) recording, which was selected as an example of differential amplifier misuse, both recording electrodes being placed on an active muscle. Examples of waveforms of four patients are shown in figure 3 .
The onset latency at position TD2 was significantly longer in infants younger than 1 yr (3.4 (SD 0.3) ms) than in older children (2.7 (0.3) ms) (P = 0.008), but not at the HD5 position (2.4 (0.3) and 2.0 (0.3) ms) (P = 0.058).
The peak-to-peak amplitudes of the older children at the TD2 position were twice as great (4.6 (0.6) mV) as those of the infants younger than 1 yr (2.0 (0.7) mV) (P = 0.0002). A similar finding was noted at the HD5 position (4.1 (0.8) and 2.1 (0.5)) (P = 0.001) (fig. 4) . Onset latency and peakto-peak amplitude for TD2 and HD5 positions are shown in table II. Supramaximal stimulus current ranged from 40 to 70 mA. No agedependent difference in the duration of the ECAP negative wave (DZ -DL) was found. The recordings for children who had received suxamethonium did not differ from those of the other children.
In the second part of the study, no differences were noted when the positive stimulating elec- trode was repositioned in any of three locations when the negative electrode was sited near the wrist. When the ulnar nerve was stimulated at the elbow, supramaximal stimulation could not be achieved in eight of the 10 patients with the highest current available from the monitor.
DISCUSSION
When neuromuscular relaxation is monitored in paediatric patients, the small size of the hand and arm may influence the recorded ECAP. It is affected also by the relatively slow nerve conduction of a newborn child [6] and the immaturity of the neuromuscular unit in the newborn compared with the adult [7] . The electrode diameter has been shown to affect the recording [8] . The same type of electrodes were used for all recordings in this study. The electrode size (12.5 mm diameter) was found to be relatively large for the smallest infants studied. Careful positioning was essential to avoid direct contact between the pre-gelled electrodes. The median nerve may be stimulated unintentionally with supramaximal stimulation of the ulnar nerve, because an infant's wrist is small in proportion to the diameter of the stimulating electrodes covering the arm. The response in muscles innervated by the median nerve is likely to be submaximal. However, they may contaminate the desired ECAP if recording electrodes are not placed appropriately.
The differential pre-amplifier used in ECAP recordings amplifies the voltage difference between the electrodes. When positioning the active electrode on the motor point of a muscle, it is most important that the indifferent recording electrode is placed on an electrically neutral area. This study showed that, in a small child, the finger was a suitable site; good quality ECAP with a steady baseline was recorded in both the TD2 and the HD5 recordings.
In contrast, the dorsum of the hand was found to be a poor position for the indifferent recording electrode, and unpredictable, low amplitude ECAP with marked baseline drift was recorded at both TM2 and HM4. This finding may be attributed to simultaneous activation of the interosseus and lumbrical muscles. Submaximal median nerve stimulation, which is difficult to avoid in a small hand, may also have contributed.
As expected, the ECAP recorded between the electrodes on the thenar and hypothenar muscles (TH) was of poor quality. The action potentials in the thenar and hypothenar muscles are of different amplitudes and phases after ulnar nerve stimulation. Although a low voltage difference across the recording electrodes can be detected, the differential amplifier output remains low and unsteady.
Stimulus artefact is the current which flows rapidly along the skin to the recording electrodes after a stimulus, and thus has no relation to muscle activity. Positioning the ground electrode between the stimulating and recording pairs of electrodes is recommended in adults in order to reduce stimulus artefact [9] . This is seldom possible with standard ECG electrodes in infants, because of the small size of their hands. A more proximal position of the stimulating electrodes might theoretically reduce the stimulus artefact. In practice, however, it may be difficult to stimulate the ulnar nerve accurately near the elbow in children with a relatively thick subcutaneous tissue layer.
A sufficiently long onset latency, the time from stimulus to the main negative deflection of the ECAP, is necessary to separate the ECAP from the stimulus artefact. This is important in order to avoid errors in the monitoring of neuromuscular blockade. Onset latency is often affected most by the nerve conduction velocity and by the length of the stimulus conduction pathway. Because the stimulating and recording electrodes are near each other, the onset latency in small children would be short if it were not prolonged by the relatively slow nerve conduction velocity. In newborns the conduction velocity is only 50% that of the corresponding adult value [6] .
The Relaxograph used has a 3-ms internal delay from the stimulus to avoid stimulus artefact, and integrates the ECAP signal from 3 to 13 ms after stimulation [10] . In the present study the onset latency in the adductor pollicis muscle aproximated to the internal delay (3.0 (0.5) ms for all patients). ECAP of the hypothenar muscles is more liable to stimulus artefact interference because the onset latency is even shorter (2.2 (0.4) ms). The difference is produced by the longer ulnar nerve conduction pathway to the thenar muscles.
Pugh, Kay and Healy showed a good correlation between the integrated area and amplitude of the ECAP in eight adults [11] . In the youngest of the patients in the present study, the absolute ECAP amplitudes were reduced, which is in agreement with Thomas and Lambert [6] . They showed that the hypothenar muscle negative deflection amplitude in newborns was one-third of the corresponding adult value. Because of the age-dependent variation in ECAP amplitude, a more accurate assessment of neuromuscular relaxation might be the integrated area of ECAP.
Accurate location of the negative electrode on the nerve was found to be important, whereas repositioning of the positive electrode caused no changes in the recorded response. This finding is in accord with the results of Berger, Gravenstein and Munson [12] , who showed that the best stimulus response was obtained when the negative electrode was positioned upon a nerve.
ECAP recording using stimulation electrodes on the ulnar groove at the elbow was unsuccessful.
In theory, stimulus artefact should be minimized with the long stimulus conduction pathway. In practice, supramaximal stimulation could not be achieved with the highest current of the monitor. Thus localization of the nerve near the ulnar groove by palpation was not sufficiently accurate for positioning the electrodes in small children.
In conclusion, optimum conditions for measurement of ECAP are achieved when the indifferent recording electrode is placed on an electrically neutral area, such as a finger, and the active recording electrode on the adductor pollicis muscle.
